The synthesis and anticancer evaluation of new series of nucleosides constructed on 5/6-azidoglycosyl or glucuronamide moieties and containing an O-or an N-dodecyl chain, respectively, are disclosed. Based on our previous results, their structures were planned to preclude them to act via a similar metabolic pathway than that of clinically used nucleoside antimetabolites, against which cancer cells frequently acquire resistance. Xylo and gluco-configured 5/6-azido-1,2-di-O-acetyl furanosyl and pyranosyl donors containing a 3-O-dodecyl group were synthesized from diacetone-d-glucose and were subsequently coupled with silylated uracil or 2-acetamido-6-chloropurine. N-Dodecyl glucuronamide-based nucleosides were accessed from acetonide-protected glucofuranurono-6,3-lactone, which was converted in few steps into O-benzylated 1,2-di-O-acetyl furanuronamide or pyranuronamide derivatives to undergo further N-glycosylation. Both types of nucleosides demonstrated notorious antiproliferative effects in chronic myeloid leukemia (K562) and in breast cancer (MCF-7) cells. The most potent molecules were a 6ʹ-azidoglucopyranosyl N 
Introduction
Synthetic nucleosides and nucleotides, frequently referred as analogs to differentiate them from their physiological counterparts, are among the most relevant groups of chemotherapeutic agents. The clinically-used compounds of these types are mainly prodrugs that act as nucleic acid antimetabolites [1] [2] [3] . Their active forms, i.e. nucleosides mono, di-or triphosphates, are generated intracellularly by kinase-mediated phosphorylation and these metabolites may interfere with nucleic acid synthesis through inhibition of polymerases or of key enzymes involved in nucleotide biosynthetic pathways, or by incorporation into nucleic acids. These mechanisms of action lead ultimately to apoptosis or to the disruption of the viral replication cycle [2, 3] . With respect to the anticancer nucleos(t)ide analogs, there are currently 12 compounds approved by the FDA and more than 20 in clinical development [1] . Examples include the antileukemic drugs cytarabine [1] , fludarabine 5′-monophosphate [4] , clofarabine [5] , cladribine [6] and the broad-spectrum anticancer agent gemcitabine [7] . These compounds are prodrugs that act mainly by inhibition of DNA polymerases and by incorporation into DNA through their corresponding nucleoside triphosphate (NTP) metabolites. Gemcitabine and cladribine also inhibit ribonucleotide reductase, a key enzyme for the access to 2′-deoxynucleotides for further DNA synthesis, through their nucleoside diphosphate and triphosphate metabolites, respectively [6, 8] . Some nucleoside analogs, such as floxuridin [1] and trifluorothymidine [9] , exert their action through their monophosphate metabolites, namely by inhibiting thymidylate synthase, which results in the decrease on the level of thymidine monophosphate, a key nucleotide precursor for DNA synthesis. Incorporation into RNA or interference with DNA repair pathways are additional mechanisms that were described as playing a role in the anticancer effect of nucleos(t)ide analogs. The DNA is however their main target, whose damage triggers cell death. Due to the fact that cancer cells are actively replicating their genome, contrarily to normal cells, which are rather quiescent, a cancer cell-selective action can be reached by this effect [3] .
Despite significant effectiveness in clinics, some disadvantages are associated with the use of nucleos(t) ide analogs, namely their low oral bioavailability and the acquired and intrinsic resistance exhibited by cancer cells. The mechanisms of acquired resistance include the decrease on the level of nucleoside transporters, hampering the cell uptake of the nucleos(t)ide, and events that disturb the metabolic pathways leading to their conversion into the active principles. Among them are the downregulation of nucleoside kinases, the overexpression of 5′-nucleotidases, which dephosphorylate the nucleoside 5′-monophosphate metabolites, and the increase in the activity of deaminases, which deactivate the cytosine/adenine nucleosides and also allow intrinsic resistance [2, 10, 11] .
To overcome the issues of the nucleos(t)ide antimetabolites, the development and synthesis of new structures of nucleos(t)ide analogs that show suitable cell permeability and exhibit anticancer efficacy through different mechanisms of action is needed. Since other biological processes involving nucleotide-dependent events/enzymes, besides nucleic acid synthesis, are relevant or overactivated in cancer, such as various intracellular signaling pathways [12] [13] [14] [15] [16] or cell cycle regulation [17] [18] [19] [20] [21] , the anticancer potential of these groups of compounds is not restricted to their ability to act as nucleic acid antimetabolites. Therefore, alternative mechanisms of anticancer action may be exhibited by distinct structures of nucleoside analogs.
We have previously reported the synthesis and the antiproliferative efficacy of 5′/6′-azidofuranosyl/pyranosyl and N-dodecyl glucopyranuronamide-containing purine nucleosides against chronic myeloid leukemia (K562) and breast cancer (MCF-7, BT474) cells [22, 23] (Fig. 1) . Such molecules lack a free hydroxyl group at the terminal position of the nucleoside's sugar moiety (5′ or 6′), which preclude them to be activated by kinases and to undergo similar metabolic pathways inherent to the mechanisms of action of the known anticancer nucleos(t)ide antimetabolites. The compounds were active at micromolar order of concentration and the most potent glucuronamide-based nucleoside (B) exhibited a comparable GI 50 value to that of the clinically used 5-fluorouracil in MCF-7 cells. The most active azido nucleoside (A) caused G2/M cell cycle arrest in K562 and MCF-7 cells [22] . The glucuronamide nucleoside B was shown to induce apoptosis in K562 cells through downregulation of the anti-apoptotic myeloid cell leukemia 1 (Mcl-1) protein and activation of caspases 3 and 7 [23] , which are enzymes that play a crucial role in apoptosis [24] . Since cancer cells are frequently more resistant to apoptosis than normal ones and their resistance increases when subjected to chemotherapy, namely through overexpression of anti-apoptotic proteins [25, 26] , the effects shown by nucleoside B make it a promissing lead anticancer molecule for overcoming chemotherapy resistance.
Based on these encouraging previous results and aiming at optimizing and further investigating the anticancer profile of these types of nucleosidic structures, we report herein on the synthesis of new furanosyl and pyranosyl analogs of compounds A and B. In view of the potent activity of nucleoside B, which possesses a N-dodecyl group, azido nucleoside counterparts of compound A containing an O-dodecyl chain instead of a O-benzyl group were accessed, aiming at improving the antiproliferative activities previously encountered for these types of nucleosides. Moreover, the introduction of such long hydrocarbon chain in the structures may turn them more able to penetrate into cells by passive diffusion and thus enable them to circumvent a main mechanism of resistance exhibited by cancer cells based on the decrease on the level of nucleoside transporters. Few reports showed the usefulness of this strategy to improve the cell penetrability and orally bioavailability of anticancer nucleoside analogs, as demonstrated by the cytarabine derivatives elacytarabine and sapacitabine [27, 28] .
The inclusion in the molecules of both O-benzyl and N-dodecyl groups, which were present in the lead compounds A and B, respectively, was carried out leading to O-benzylated analogs of nucleoside B. This structural approach was undertaken not only to enhance the antiproliferative potential of the nucleosides, but also to increase their lipophilicity and hence to confer them a higher bioavailability. O-Acetylated derivatives were the final compounds for testing, since their hydroxylated couterparts would be less prompted for cell penetration, whereas the acetate groups may be intracellularly cleaved by esterases. Some examples from the literature support this prodrug strategy, showing that keeping ester protection in a nucleoside leads to an improvement on its bioavailability, cell penetrating ability or biological efficacy [29] [30] [31] . The evaluation of the antiproliferative effects of the molecules in cancer cells is presented.
Results and discussion

Chemistry
The synthesis of 3-O-dodecyl 5ʹ-and 6ʹ-azido nucleosides started from diacetone-d-glucose (1), which was converted into the 3-O-dodecyl derivative 2 by nucleophilic displacement with dodecyl bromide in the presence of sodium hydride (Scheme 1). Subsequent selective acid-mediated hydrolysis of the primary acetonide of 2 by treatment with aqueous acetic acid (70 %) afforded the 5,6-diol 3. An azide moiety was installed at C-6 of diol 3 via generation of a good leaving group and further nucleophilic replacement by the azide ion, a convenient method for the synthesis of azido sugars [32, 33] . Thus, selective tosylation of diol 3 and -regioisomer 7, as well as a HMBC correlation between H-1ʹ and C-4 of the purine moiety in the case of 7. The use of this purine derivative was motivated not only by the previous reported anticancer potency of nucleosides containing this nucleobase [22, 23, 34] , notably compounds A and B, but also considering other benefits that the presence of such motif may confer to the molecules. The resulting nucleosides are less susceptible to undergo deamination, firstly due to the N-acetyl protection and secondly, due to the choro atom at C-6, similarly to the clinically used anticancer halopurine nucleosides clofarabine, fludarabine and cladribine [5] and may therefore overcome this natural mechanism of chemotherapy resistance. Moreover, since this nucleobase derivative is significantly less polar than the corresponding amino purine, it may increase the cell-penetrating ability of the molecules and eventually their oral bioavailability, while the acetamide moiety is prompted to be cleaved by intracellular amidases.
For the access to 5-azido pentofuranosyl nucleoside analogs of 6-8, the diol 3 was converted into the xylofuranose precursor 10 via sodium periodate-mediated oxidative cleavage and subsequent reduction of the intermediate aldehyde 9 (Scheme 2). Instalation of an azido group at C-5 of 10 was then accomplished by tosylation followed by nucleophilic displacement with sodium azide. Removal of the 1,2-O-isopropylidene group of the 5-azido xylofuranose derivative 11 followed by acetylation afforded the corresponding glycosyl acetate 12. Further MW-assisted N-glycosylation of silylated uracil, promoted by TMSOTf, with 12 led to the 5-azido xylofuranosyl nucleoside 13, although in modest yield (13 %). In the case of 2-acetamido-6-chloropurine, the N 9 -linked purine nucleoside 14 was obtained in moderate yield (35 %) as the virtually sole regioisomer, being identified based on similar spectral features as previously mentioned for 7.
Based on the satisfactory antiproliferative activities of the 3-O-benzyl nucleoside lead compound A (Fig. 1 ), we were motivated to synthesize an analog of the glucuronamide-based nucleoside B containing a 3-O-benzyl group (Scheme 3). Hence, the acetonide-protected glucofuranurono-6,3-lactone 15 was firstly subjected to tritylation to protect the 5-hydroxyl group, which was followed by opening of the lactone moiety with dodecyl amine, enabling the access to the N-dodecyl glucuronamide derivative containing a unique free hydroxyl group at C-3 (16) for further benzylation. This strategy was employed since previous reported results [35] showed the unfeasibility to obtain a derivative regioselectively O-benzylated at C-3 by benzyla- -linked nucleoside 20 in 47 % yield and only residual formation of the N 7 regioisomer was detected. The synthesis of N-dodecyl glucuronamide-based nucleosides containg O-benzylated furanose moieties employed the 1,2-O-acetyl glucofuranuronoamide 22 as glycosyl donor (Scheme 4). This compound was accessed in three steps from the N-dodecyl furanuronamide derivative 21, including benzylation, acetonide cleavage and acetylation, as previously described [35] . It was then converted into the uracil nucleoside 23 through the MW-assisted glycosylation method in 58 % yield. On the other hand, nucleosidation of 22 with 2-acetamide-6-chloropurine provided both N 9 and N 7 -linked purine nucleosides 24 and 25, in 26 % and 11 % yields, respectively. Glycosyl triazoles 27α and 27β were also included in the panel of compounds for antiproliferative evaluation. The synthesis of these triazole nucleosides was recently reported and involved the anomeric azidation of 22 with trimethylsilyl azide and 1,3-dipolar cycloaddition of the resulting 1-azidoglucofuranuronamides 26α and 26β with phenyl acetylene [35] .
Biological evaluation
The antiproliferative effects of the newly synthesized azido and glucuronamide-based nucleosides were evaluated in chronic myeloid leukemia cell line K562, breast adenocarcinoma cell line MCF-7 and in normal human fibroblasts BJ (Table 1 ) using the rezasurin (Alamar Blue) assay. For an appropriate comparison, the effects of the previously reported anticancer nucleosides (A, B, Fig. 1 ) were also assessed by this method. The azido nucleosides (6-8, 13-14) showed significant activities against both cancer cells, with slight better activity against K562 cells, whose GI 50 values ranged from 13.7 μM to 3.2 μM. The replacement of an O-benzyl group by an O-dodecyl chain in the nucleoside A ( Fig. 1 ) resulted in a significant improvement on the antiproliferative effects of the structure. Indeed, the 6ʹ-azido 3-O-dodecyl pyranosyl N 7 -linked purine nucleoside (8) was the most active compound of this group, with GI 50 values of 3.2 μM in both cell lines, which is approximately 3-fold lower than that of the anticancer drug 5-fluorouracil in MCF-7 cells and 7-fold higher than the antileukemic agent imatinib in K562 cells. The N 7 -nucleoside was ca. 4-to 5-fold more potent than its N 9 regioisomer (7) against the assayed cancer cell lines. However, it showed significant antiproliferative effects in BJ fibroblasts. The effects for the 6ʹ-azido pyranosyl and the 5ʹ-azido furanosyl nucleosides are not significantly different, considering both uracil (6, 13) and N 9 -linked purine (7, 14) nucleosides. However, the furanosyl nucleosides 13-14 exhibited noticeably lower antiproliferative activities in BJ fibroblasts that their pyranosyl conterparts, with ca. 2.4-5.5-fold selectivity to the cancer cells. The most promising azido nucleoside balancing efficacy and cancer cell selectivity was the 5ʹ-azido furanosyl N 9 -linked purine derivative 14, which is only ca. 2-fold less potent (GI 50 = 18.5 μM) than 5-fluorouracil towards MCF-7 cells.
With respect to the N-dodecyl glucuronamide-based nucleosides, the 3ʹ,5ʹ-di-O-benzyl furanosyl derivatives (23) (24) (25) showed higher effects than their 3ʹ-O-benzyl pyranosyl counterparts (19) (20) cells. The N 9 -linked purine nucleoside 20 was the significant compound comprising a pyranuronamide system, with a GI 50 value in MCF-7 cells that is ca. 1.6 lower that 5-fluorouracil. This compound was however less active that lead compound B (Fig. 1 ), differing only in the 3ʹ-O-substituent. Furanosyl uracil (23) and purine nucleosides (24) (25) were active at micromolar order of concentration in K562 and/or MCF-7 cells. Their GI 50 values in the breast cancer cell line were close or lower to that of the standard drug. The most active compound was the N 7 -linked purine derivative 25, with identical potency than compound 8 towards both cancer cell lines (GI 50 = 3.3 μM). Its N 9 regioisomer 24 showed however antiproliferative activities in malignant cells similar to those shown in BJ fibroblasts. On the other hand, slight selectivity towards cancer cells was revealed by the uracil nucleoside 23 and purine nucleosides 20 and 25. Triazole nucleosides 27-α and 27-β and their 1-azido glucuronamide precursors 26-α and 26-β were devoid of any noticeable activities in the range of concentrations that could be tested.
in both cancer
It is noteworthy to mention that the presence of the uracil and the purine moieties is important to confer activity to the 5ʹ/6ʹ-azido and glucofuranuronamide-based nucleosides, since their 1-O-acetyl glycosyl donor precursors 5, 12 and 22 showed, in comparison, significantly lower effects. An exception to this trend is the activity of the uracil nucleoside 6 in MCF-7 cells, which is similar to that of the 6-azidoglucopyranosyl acetate 5. In contrast, the N-dodecyl 3-O-benzyl glucopyranuronamide derivative 18 showed higher antiproliferative effects in both cell lines that its corresponding uracil nucleoside 19 and was ca. 2-fold more active than purine nucleoside 20 in K562 cells. In fact, compound 18 revealed antiproliferative activity in MCF-7 cells (GI 50 = 13.3 μM) similar to that of 5-fluorouracil. The 6-azidoglycosyl acetate 5 and the N-dodecyl 3,5-O-benzyl glucofuranuronamide derivative 22 also demonstrated significant effects in MCF-7 cells, with GI 50 values that are only ca. 2.5 and 1.8-fold lower than 5-fluorouracil, respectively. Moreover, the glycosyl acetates 5 and 18 showed some selectivity for cancer cells.
The active compounds were subjected to further assays in order to have insights into their mode of action, namely by evaluating their effect on the cell cycle and their ability to induce apoptosis. Flow cytometry analyses of the cell cycle distributions of K562 cells and MCF-7 cells treated with the azido nucleosides 6-8 and 13-14, indicated accumulation of sub-G1 cell phase populations (data not shown), which is a typical marker for cellular damage. This event was considerable more visible in K562 cells, especially upon treatment with the most active compound 8.
The effect of nucleoside 8 on the expression of apoptosis-related proteins in K562 and in MCF-7 cells was then evaluated by imunoblotting. As shown in Fig. 2a , in treated K562 cells, a decreased level of zymogenes of caspase 7 at 5 μM as well as dose-dependent cleavage of substrate poly(ADP-ribose) polymerase-1 (PARP-1), which are typical indicative events of apoptosis [24, 36] , were detected. The activation of caspases 3,7 in lysates of treated K562 cells was confirmed by an enzymatic activity assay using a fluorogenic substrate, with a maximum of activity at 16 h (Fig. 2b) . Furthermore, a decrease on the expression of the anti-apoptotic short half-life protein Mcl-1 (contrary to stable Bcl-2) and on the expression of the X-linked inhibitor of apoptosis protein (XIAP) at 5 μM, was observed. These results, taken together, clearly suggest that compound 8 is able to induce apoptosis in K562 cells.
Similarly, when MCF-7 cells were treated with 8, cleavage of PARP-1 was also observed, although in a lesser extend than that observed in K562 cells. Furthermore, no changes in the expression of anti-apoptotic protein XIAP were detected, but Mcl-1 level downregulated again (Fig. 2c) .
Among N-dodecil glucuronamide-based nucleosides, the most active compound (25) was selected for complementary assays in K562 leukemia cells. Flow cytometry analysis of the cycle of cells treated with 25 (5 μM) showed a significant increase of sub-G1 population (cell debris) and continuous decrease of the population of actively replicating cells (BrdU-positive) in a time-dependent manner (Fig. 3a) . Surprisingly, this observation was not consistent with the immunoblotting analysis and biochemical measurement of caspase activity, which revealed the maximum of expression level of active fragments of caspase 7 (accompanied by increased cleavage of PARP-1) (Fig. 3c) and caspase activity at 8 h after treatment (Fig. 3d) . It seems that treatment of K562 cells with nucleoside 25 led to starting of apoptosis (as documented by activation of caspases) in early time points while in later times the alternative mechanisms of cell death were triggered, as observed for compound 8 at 24 h treatment (Fig. 2b) . We can exclude autophagy, because the fragmentation of microtubule-associated protein 1-light chain 3 (LC3) (Fig. 3c ) that is considered a marker of autophagic activity in cells did not occur. We further monitored the expression of anti-apoptotic proteins (such as Mcl-1, XIAP, Bcl-2), but no significant changes were observed (Fig. 3c) . Analysis of the dose-dependent level of PARP-1 and caspase 7-zymogenes in K562 cells treated with compound 25 for 24 h, revealed a significant dowregulation of these proteins at 10 μM (Fig. 3b) . By comparing these effects with those of nucleoside 8, which provokes a decrease of PARP-1 and caspase 7-zymogenes levels already after treatment with a 5 μM dose, it appears that the nucleoside 25 is less potent than nucleoside 8 in the first 24 h of treatment, although their antiproliferative effects after the following 48 h are similar (Table 1) .
Conclusions
Novel furanosyl/pyranosyl azido and glucuronamide-based nucleosides comprising uracil or 2-acetamido-6-chloropurine moieties and a dodecyl chain in the glycosyl unit were synthesized starting from diacetone-d-glucose or 1,2-O-isopropylidene glucofuranurono-6,3-lactone. Significant antiproliferative effects were revealed by these types of molecules. activity in MCF-7 cells was 3-fold higher that than of the anti-breast cancer drug 5-fluorouracil, which is a significant improvement relatively to the effect of the previously reported azido and glucuronamide-based nucleosides A and B (Fig. 1 ) that motivated this study. Uracil nucleosides also demonstrated satisfactory anticancer activities in both cancer cells, with GI 50 values ranging from 24.1 to 12.5 μM among azido nucleosides. Concerning glucuronamide-based uracil derivatives, the active molecule was a furanosyl nucleoside (23) with GI 50 values of 6.7 μM and 8.6 μM in K562 and MCF-7 cells, respectively, which in case of MCF-7 cells is similar to that of 5-fluorouracil, in addition to showing some cancer cell selectivity. Considering our previous reports [22, 23] , in which azido and glucuronamide-based uracil nucleosides did not demonstrate significant anticancer profile, these results show that tuning the glycosyl moieties by simple structural modifications, such as changing the O-substituents or the glycosyl ring system, can lead to a considerable change, in this case to an improvement, in the activities of the nucleoside.
Moreover, the antiproliferative activities exhibited by 1-O-acetyl N-dodecyl glucuronamide derivatives 18 and 22 demonstrate the anticancer capability of glucuronamide derivatives. A noteworthy result is the effect of compound 18 in MCF-7 cells, which is close to that of 5-fluorouracil.
The complementary studies in K562 cells treated with the most potent nucleosides 8 and 25, showing that both compounds induce or activate apoptosis and 8 leads to downregulation of anti-apoptotic proteins, which are valuable events to fight chemotherapy resistance, further reinforce the potential for nucleosides containing 5/6-azidoglycosyl and N-dodecyl glucuronamide moieties as anticancer agents.
Experimental section
Chemistry
General methods
The reactions were monitored by TLC using Merck 60 F 254 silica gel aluminium plates with detection by UV light (254 nm) and/or by immersion in a 10 % H 2 SO 4 /EtOH solution of or with a solution of cerium(IV) sulfate (0.2 % w/v) and ammonium molybdate (5 % w/v) in H 2 SO 4 (6 % aq.) followed by charring. Microwave experiments were carried out in a CEM Discover SP Microwave Synthesizer. The operating conditions were power = 150 W, pressure = 250 Psi and T = 65 °C with stirring in high speed. Flash column chromatography was performed on silica gel 60 G (0.040-0.063 mm, E. Merck). NMR experiments were carried out using a BRUKER Avance 400 spectrometer operating at 400.13 MHz for 1 H or 100.62 MHz for 13 C. CDCl 3 was used as solvent and chemical shifts are given in parts per million (ppm) relatively to internal TMS or to the residual CHCl 3 peak (7.26 ppm), in the case of 1 H NMR spectra, and to the CDCl 3 peak (77.16 ppm) for 13 C NMR spectra. Coupling constants (J) are given in hertz (Hz). Signals in the NMR spectra were assigned with the help of twodimensional experiments (COSY, HSQC, HMBC). High-resolution mass spectra were acquired with a High Resolution QqTOF Impact II mass spectrometer equipped with an ESI ion source (Bruker Daltonics). Spectra were recorded in positive ESI mode. Samples were analyzed by flow injection analysis (FIA) using a isocratic gradient 50 A:50 B of 0.1 % formic acid in water (A) and 0.1 % of formic acid in acetonitrile (B), at a flow rate of 5 μL min −1 over 15 min. Calibration of the TOF analyzer was performed with a 10 mM solution of sodium formate. Optical rotations were measured on a Perkin-Elmer 343 polarimeter.
Synthesis of compounds 21, 22, 26 and 27 was previously described [23, 35] . , 1 H, H-3), 3.61-3.53 (m, 1 H, H-7a), 3.52-3.43 (m, 1H, H-7b 
3-O-
3-O-Dodecyl-1,2-O-isopropylidene-α-d-glucofuranose (3)
A solution of 3-O-dodecil-1,2:5,6-di-O-isopropylidene-α-d-glucofuranose (5.72 g, 13.3 mmol) in aq. acetic acid (70 % soln., 45 mL) was stirred at room temperature for 5 day. The solvents were co-evaporated with toluene and the residue was subjected to column chromatography (EtOAc/hexane, from 1:3, then 1:1, then EtOAc) to afford 3 (4.05 g, 78 %) as a colorless oil. 
6-Azido-6-deoxy-3-O-dodecyl-1,2-O-isopropylidene-α-d-glucofuranose (4)
To a solution of 3-O-dodecyl-1,2-O-isopropylidene-α-d-glucofuranose (3, 1.7 g, 4.38 mmol) in CH 2 Cl 2 and pyridine (40 mL, 1:1) under nitrogen, tosyl chloride (0.96 g, 5 mmol) was added and the solution was stirred at room temperature overnight. Then, the solution was diluted with CH 2 Cl 2 , water was added and the mixture was washed with a aq. 1 N HCl soln. The aqueous phase was re-extracted with CH 2 Cl 2 (2 ×). The combined organic layers were dried with anhydrous MgSO4. After filtration and evaporation of the solvent under vacuum, the residue was purified by column chromatography (EtOAc/petroleum ether, 1:2) to furnish the 6-O-tosylated derivative (1.95 g, 3.5 mmol). It was then dissolved in N,N-dimethylformamide (DMF, 43 mL) and sodium azide (860 mg, 13.2 mmol) was added. The mixture was stirred at room temperature overnight. Then, water was added and the mixture was extracted with EtOAc. The combined organic layers were washed with water and dried with anhydrous MgSO4. After filtration and evaporation of the solvent, the residue was subjected to column chromatography (EtOAc/petroleum ether, 1:4) to afford 4 (1.15 g, 64 %, 2 steps) as a colorless oil. 20 33 
1,2,4-Tri-O-acetyl-6-azido-6-deoxy-3-O-dodecyl-α,β-d-glucopyranose (5-α,β)
A solution of 6-azido-6-deoxy-3-O-dodecyl-1,2-O-isopropylidene-α-d-glucofuranose (4, 1.1 g, 2.66 mmol) in aqueous trifluoroacetic acid (60 %, 14.5 mL) was stirred at room temperature for 1 h. The solvents were co-evaporated with toluene and the residue was dried under vacuum. It was then treated with pyridine (10 mL) and acetic anhydride (7.7 mL) and the mixture was stirred at room temperature for 1 h. The solvents were co-evaporated with toluene and the residue was purified by flash column chromatography (EtOAc/ petroleum ether, 1:2) to give 5-α,β (1.27 g, 96 %, 2 steps, anomeric mixture, α/β ratio, 1:0.6) as a white solid. 1 
3-O-Dodecyl-1,2-O-isopropylidene-α-d-xylo-pentodialdo-1,4-furanose (9)
To a solution of 3-O-dodecyl-1,2-O-isopropylidene-α-d-glucofuranose (3, 1.48 g, 3.8 mmol) in 60 % aq. THF (13 mL), at 0 °C, sodium metaperiodate (1.63 g, 7.6 mmol) was added. The mixture was stirred for 2.5 h at room temperature The mixture was diluted with EtOAc, washed with water and brine solution, and the aqueous phase was extracted with EtOAc (3 ×). The combined organic layers were dried with anhydrous MgSO 4 . After filtration, evaporation of the solvent and drying under vacuum, 9 (1,073 g, 79 %) was obtained as a white hygroscopic solid. 
3-O-Dodecyl-1,2-O-isopropylidene-α-d-xylofuranose (10)
To a solution of 3-O-dodecyl-1,2-O-isopropylidene-α-d-xylo-pentodialdo-1,4-furanose (9, 1.03 g, 2.89 mmol) in EtOH/H 2 O (15 mL, 2:1) at 0 °C, NaBH 4 (0.142 g, 3.75 mmol) was added. The mixture was stirred at room temperature for 1 h. Then, EtOAc and water were added, the phases were separated and the aqueous phase was extracted twice with EtOAc. The combined organic layers were dried with anhydrous MgSO 4 and concentrated under vacuum to afford 10 (0.84 g, 81 %) as a colorless oil. 
5-Azido-5-deoxy-3-O-dodecyl-1,2-O-isopropylidene-α-d-xylofuranose (11)
To a solution of 3-O-dodecyl-1,2-O-isopropylidene-α-d-xylofuranose (10, 0.51 g, 1.42 mmol) in CH 2 Cl 2 and pyridine (15 mL, 1:1) under nitrogen, tosyl chloride (0.53 g, 2.8 mmol) was added and the solution was stirred at room temperature overnight. Then, the solution was diluted with CH 2 Cl 2 , water was added and the mixture was washed with a aq. 1 N HCl soln. The aqueous phase was re-extracted with CH 2 Cl 2 (2 ×). The combined organic layers were dried with anhydrous MgSO 4 . After filtration and evaporation of the solvent under vacuum, the residue was purified by column chromatography (EtOAc/hexane, 1:6) to furnish the 6-O-tosylated derivative (0.642 g, 1.25 mmol) as a white solid. It was then dissolved in N,N-dimethylformamide (DMF, 15 mL) and sodium azide (244 mg, 3.75 mmol) was added. The mixture was stirred at 80 °C overnight. Then, water was added and the mixture was extracted with EtOAc. The combined organic layers were washed with water and dried with anhydrous MgSO4. After filtration and evaporation of the solvent, the residue was subjected to column chromatography (EtOAc/hexane, 1:9) to afford 11 (0.421 g, 77 %, 2 steps) as a colorless oil. in aqueous trifluoroacetic acid (60 %, 4.9 mL) was stirred at room temperature for 2 h. The solvents were co-evaporated with toluene and the residue was dried under vacuum. It was then treated with pyridine (3 mL) and acetic anhydride (2 mL) and the mixture was stirred at room temperature for 1 h. The solvents were co-evaporated with toluene and the residue was purified by flash column chromatography (EtOAc/petroleum ether, 1:3) to give 12-α,β (129 mg, 42 %, two steps, anomeric mixture, α/β ratio, 1:0.3) as a colorless oil. in anhydrous DMF (10 mL) at 0 °C and under nitrogen atmosphere, NaH (60 %, 100 mg, 2.5 mmol) was added. The suspension was stirred at 0 °C for 10 min, whereupon benzyl bromide (0.2 mL, 1.68 mmol) was added. The mixture was stirred for 4 h at room temperature it was then diluted with CH 2 Cl 2 , washed with water and brine solution, and the aqueous phase was extracted with dichloromethane (3 ×). The combined organic layers were dried with anhydrous MgSO 4 and concentrated. The residue was purified by column chromatography (EtOAc/petroleum ether, 1:3) to afford 17 (267 g, 38 %) as a colorless oil. 20 25 1,2,4-tetra-O-acetyl-3-O-benzyl-α,β-d-glucopyranuronamide (18-α,β) A solution of N-dodecyl 3-O-benzyl-1,2-di-O-isopropylidene-5-O-trityl-α-d-glucofuranuronamide (17, 264 mg, 0.36 mmol) in aqueous trifluoroacetic acid (60 %, 2.5 mL) was stirred at room temperature for 2 h. The solvents were co-evaporated with toluene and the residue was dried under vacuum. It was then treated with pyridine (1.5 mL) and acetic anhydride (1 mL) and the mixture was stirred at room temperature for 1 h. The solvents were co-evaporated with toluene and the residue was purified by flash column chromatography (EtOAc/hexane, from 1:3 to 1:2) to give 18-α,β (195 mg, 94 %, two steps, anomeric mixture, α/β ratio, 1:0.65) as a colorless oil. 
N-Dodecyl
